Charles Darwin laid the foundation for all modern work on sexual selection in his seminal book The Descent of Man, and Selection in Relation to Sex. In this work, Darwin fleshed out the mechanism of sexual selection, a hypothesis that he had proposed in The Origin of Species. He went well beyond a simple description of the phenomenon by providing extensive evidence and considering the far-reaching implications of the idea. Here we consider the contributions of Darwin to sexual selection with a particular eye on how far we have progressed in the last 150 years. We focus on 2 key questions in sexual selection. First, why does mate choice evolve at all? And second, what factors determine the strength of mate choice (or intensity of sexual selection) in each sex? Darwin provided partial answers to these questions, and the progress that has been made on both of these topics since his time should be seen as one of the great triumphs of modern evolutionary biology. However, a review of the literature shows that key aspects of sexual selection are still plagued by confusion and disagreement. Many of these areas are complex and will require new theory and empirical data for complete resolution. Overall, Darwin's contributions are still surprisingly relevant to the modern study of sexual selection, so students of evolutionary biology would be well advised to revisit his works. Although we have made significant progress in some areas of sexual selection research, we still have much to accomplish.
C
harles Darwin proposed the concept of sexual selection 150 years ago in On the Origin of Species by Means of Natural Selection (1) , but his definitive work on sexual selection was undoubtedly The Descent of Man, and Selection in Relation to Sex (2) , which was published in 1871. Now-200 years after Darwin's birth-is an excellent time to reflect on the modern relevance of his work and on progress that has been made in the study of sexual selection since his time. In typical Darwinian fashion, The Descent of Man, and Selection in Relation to Sex is a colossal tome (with a tongue-tripping title that we will henceforth abbreviate as The Descent of Man) that strolls through myriad topics relevant to evolutionary biology and ecology. Consequently, it is futile to attempt to characterize the full spectrum of topics addressed in this book, which touched upon such sundry issues as species concepts, taxonomy, correlated evolution, sex-limited inheritance, and group selection, to name a few. Rather, we focus on the contributions of Darwin in light of modern research in sexual selection, and in so doing we identify a few important topics for which a thread of reasoning can be traced from Darwin to the present.
One of the great strengths of Darwin was that he often constructed his literary works with a clear argument in mind and marshaled vast amounts of evidence to support his case. The Descent of Man is most famous for Darwin's contribution to the hypothesis of sexual selection, but the main goal of the book was to provide evidence that evolutionary principles applied to humans and that humans descended from some ape-like common ancestor. Darwin believed that sexual selection played a major role in the evolution of humans and the divergence among distinct human populations, so he felt a lengthy description of sexual selection was necessary. Indeed, the bulk of the book concerns sexual selection, but many of Darwin's insights regarding sexual selection appear in his chapters on humans.
Darwin's most lasting achievement with respect to sexual selection must be his definition of the term, as it is essentially the same as the one still in use today. It is difficult to find a quote from Darwin that captures the full essence of his concept of sexual selection, but he provides the following definition (ref. ''We are, however, here concerned only with that kind of selection, which I have called sexual selection. This depends on the advantage which certain individuals have over other individuals of the same sex and species, in exclusive relation to reproduction.'' However, Darwin makes it clear that not all selection related to reproduction constitutes sexual selection, as primary sexual traitslike ovaries and testes-can evolve as a consequence of natural selection. Even though he never spells it out in so many words, Darwin's working definition of sexual selection is essentially identical to the one used by Andersson (3) and most other scientists studying sexual selection. In particular, ''sexual selection arises from differences in reproductive success caused by competition for access to mates'' (ref. 3, p 3) . This definition admittedly focuses primarily on precopulatory sexual selection, so a more complete definition should also include postcopulatory processes, which can be accomplished by tagging the phrase ''or fertilization opportunities'' onto the end of Andersson's definition.
Aside from the definition of sexual selection, what did Darwin accomplish in The Descent of Man? In a book as rich as Darwin's, every reader could potentially identify different sets of key conclusions, depending on the reader's background and research emphasis. Here we try to focus on those parts of the book that are still relevant to modern research, and from our perspective Darwin identified 2 major themes that set the stage for work on sexual selection. The first theme concerned the question of why sexual selection occurs in the first place. In the context of this question, Darwin identified the 2 major categories of sexual selection, namely intrasexual and intersexual selection, although he didn't use those terms (2) . The second theme is related to the question of why sexual selection is strong in some lineages but not others. This question continues to be a major theme of modern research, but Darwin expressed an amazingly modern, intuitive understanding of some of the explanations for the patterns of sexual selection among diverse evolutionary lineages (2) .
In this report, we summarize Darwin's contributions to these 2 major topics and consider how far we have progressed in our understanding of them. Rather than review all of the relevant literature, which for many of these topics has been done recently, we try to paint the current state of sexual selection with broad strokes. Like Darwin (2), we focus on precopulatory sexual selection, leaving the treatment of postcopulatory processes for a different paper in this volume (4) . Our sojourn through sexual selection literature leads to the identification of at least 2 major triumphs of precopulatory sexual selection research since Darwin. It also identifies numerous areas ripe for additional work. We hope that this paper will inspire our fellow scientists by showing (i) that Darwin, despite having tremendous insight given the state of biology in the 19th century, did not get everything right, (ii) that we have made tremendous progress since Darwin's time, especially in the last several decades, and (iii) that many important questions regarding sexual selection remain to be answered.
The Mechanisms of Sexual Selection and the First Major Triumph
Darwin (2) correctly realized that sexual selection could be mediated by male-male combat or by a female's choice of attractive males. His original definition of sexual selection, which appeared in The Origin of Species, appears to emphasize malemale combat [i.e., ''a struggle between the males for possession of the females'' (ref. 1, p 88)], but even then he was clearly aware of female choice. Thus, Darwin identified the 2 main categories of sexual selection that persist to this day.
The Law of Battle. Sexual selection would be relatively simple if there were nothing but what we call intrasexual selection. In fact, Darwin's understanding of intrasexual selection was essentially complete. In some species, males engage in fierce struggles among one another, and the victors in these contests tend to mate with the receptive females. Darwin provided numerous examples of species in which intrasexual combat for access to mates prevailed, some of the more interesting of which include male narwhals fencing with their tusks (which remains to be studied, but see ref. 5), male scarab beetles (family Scarabaeidae) battling with their elaborate horns (6) , and female buttonquail (genus Turnix) fighting like gamecocks for reproductive access to the males (7). The latter example illustrates Darwin's appreciation of the fact that sexual selection, which normally acted most strongly on males, could sometimes operate on females, a point to which we will return later.
However, intrasexual selection is not a sufficient mechanism by which to explain all of the diversity wrought by sexual selection. Modern work shows that intersexual selection is a major aspect of sexual selection, a point that was deeply appreciated by Darwin. In fact, Darwin correctly realized that even in species characterized by the ''law of battle,'' mate choice often is important. As Darwin stated (ref. 2, Part II, p 269), ''The female could in most cases escape, if wooed by a male that did not please or excite her; and when pursued, as so incessantly occurs, by several males, she would often have the opportunity, whilst they were fighting together, of escaping with, or at least temporarily pairing with, some one male.'' Thus, any treatment of sexual selection will be incomplete without a treatment of mate choice.
Female (or Sometimes Male) Choice. If the number of words devoted to each topic can serve as a guide, then Darwin felt that the topic of female choice required much more explanation than did male-male combat. Here we will treat female choice, while keeping in mind that Darwin knew that in some systems mirrorimage processes could occur through male choice. Sexual selection as a consequence of female choice is easy to understand, provided we are willing to accept that female preferences exist. If females show a preference, then males with the preferred trait will leave greater numbers of offspring, and their trait values will tend to increase in frequency in the population.
But why would female preferences exist in the first place? The answer to this question is not entirely obvious. Darwin ''Nevertheless, when we see many males pursuing the same female, we can hardly believe that the pairing is left to blind chance-that the female exerts no choice, and is not influenced by the gorgeous colours or other ornaments with which the male alone is decorated.''
Here we see the essence of Darwin's argument: Given the variation among males with respect to their beautiful ornaments, it is difficult to believe that females have no preference whatsoever, and even a weak preference would be sufficient for sexual selection to operate. Hence, Darwin clearly understood that female preferences existed, but he never compellingly explained why such preferences would evolve.
The flavor of Darwin's argument for female choice may represent one of the largest shortcomings of his treatment of sexual selection because it gave the impression that animals would need a human-like sense of aesthetics for sexual selection to operate. Indeed, Darwin himself seemed to subscribe to this point of view, as he went to great lengths to argue that arthropod, insect, and vertebrate females possess sufficient intelligence to appreciate beauty. He further asserted that the ''lowest classes'' of animals, including echinoderms, annelids, mollusks, and so forth, ''have too imperfect senses and too low mental powers to feel mutual rivalry, or to appreciate each other's beauty or other attractions'' (ref. 2 , Part I, p 321). However, Darwin also clearly appreciated that different species could possess different standards of beauty, explaining why not all sexually selected traits appear attractive to us. Regardless, in the midst of Darwin's tremendous insights pertaining to sexual selection, the suggestion that a sense of aesthetics is necessary for sexual selection to operate may have been his most significant shortcoming. It can be argued that it took almost 100 years for the study of sexual selection to overcome this erroneous view of mating preferences.
The First Major Triumph of Modern Sexual Selection Research. The study of sexual selection entered its modern era during the latter half of the 20th century when scientists identified the evolution of female choice as a legitimate topic in its own right by expanding the ideas laid out much earlier by Fisher (8, 9) . In other words, it was no longer sufficient to assume that females had preferences or even to provide empirical evidence of such preferences. Rather, we needed mechanisms that could explain the evolution of female preferences (10) (11) (12) (13) (14) (15) . Once the evolution of preferences could be explained, our understanding of selection of the preferred trait became entirely straightforward, and it remains today essentially as Darwin described it. Thus, the difficulty, which partly remains unsolved, is to understand the evolution of female (or male) preferences. We will briefly review the modern models, but we start with the one explicit model proposed by Darwin. Although his model is missing some elements and comes up short as a complete explanation for choice evolution, it does provide the core of a model with potential explanatory power. (Fig. 1A) . Males also are variable in quality, and they arrive before females on the breeding grounds (Fig. 1B) . The higher-quality females are ready to breed before the lowerquality females, and they choose to pair with the higher-quality males (Fig. 1C) . Thus, the model predicts assortative mating by quality (Fig. 1D) , and Darwin argues that the higher-quality pairs will produce more offspring than the lower-quality pairs. In Darwin's discussion of this model, we find the only occurrence of a clear explanation for the evolution of mate choice in his entire book (ref. ''Such pairs would have an advantage in rearing offspring, more especially if the male had the power to defend the female during the pairing-season, as occurs with some of the higher animals, or aided in providing for the young.'' Unfortunately, Darwin did not elaborate much on this line of reasoning, and he never provided a convincing explanation for the evolution of a preference for ornaments or other sexually selected characters not directly involved in territory defense or parental care. However, if we merge Darwin's model with a more modern understanding of sexual selection, as has been done by Fisher (8) and subsequent researchers (16, 17) , we find a model that could explain female-choice evolution while retaining the main features of Darwin's original model. However, surprisingly little research has been directed at this model, and so far it has been used exclusively as an explanation for sexual selection in males of monogamous taxa. Additional theoretical and empirical work on this model is warranted, and attempts should be made to extend it to sexual selection on females and in nonmonogamous taxa.
Models of Direct Benefits. Models for the evolution of mating preferences fall into 2 major categories: direct-benefits models and indirect-benefits models ( Table 1 ). The direct-benefits models suppose that females (or males for sex-role-reversed species) choose mates that provide some immediate benefit to the chooser, such as parental care, a nuptial gift, or territory defense (18) (19) (20) (21) . We provide a list of some of the most commonly invoked direct benefits in Table 1 , along with a few empirical examples. The evolution of choice for direct benefits is conceptually simple, as the selective advantage to choosing is entirely obvious (3). However, the situation is slightly more complex when the female prefers an ornament in the male that somehow indicates that the male will provide better-than-average parental care, resources, defense, and so forth (Table 1) . Under these circumstances, there must be a mechanism that produces a correlation between the secondary sexual trait and the direct benefit provided by the male to the female. Our reading of the literature indicates that direct-benefits models enjoy excellent empirical support and are mostly not controversial, so we will treat them no further here.
Models of Indirect Benefits. In some species, the males appear to provide nothing to the females but sperm, yet they have elaborate ornaments for which females show preferences (19, (22) (23) (24) . These systems are especially perplexing from a sexual selection standpoint because the benefits of choice are not at all obvious. Consequently, a tremendous amount of effort has been devoted to creating explanatory models of female-choice evolution in such systems (3, 14, 15, 25) . These types of models have commonly been described as indirect-benefits models because the female's choice of males provides her with no immediate, measurable benefits. Rather, the female's fitness increases as a consequence of her offspring having higher fitness if she pairs with a preferred male. Several excellent reviews have addressed the dizzying array of such models (21, (24) (25) (26) , so rather than review them, we attempt here to organize them into a few major categories. We would like to suggest that there are 3 main categories of indirect-benefits models. We have no doubt that such a categorization will be controversial. Indeed, we are at odds with at least one other perspective that suggests that all The highest-quality females are ready to mate sooner, so they pair with the highest-quality males. (D) Finally, the lower-quality females pair with the lower-quality males. Sexual selection occurs because the higher-quality pairs produce more offspring than the lower-quality pairs. indirect-benefits models should be lumped into a single category of Fisher-Zahavi models (27, 28) . We believe there is much heuristic value in keeping them separate, so to stimulate discussion we propose the following 3 classes of models.
Model 1: The Fisherian Model. This model involves a single preference trait in females and a single ornament trait in males (ignoring multivariate preferences and signals for the moment). To understand this model, we must appreciate that females with a preference for a large ornament, for example, will have offspring with both the genes for the large ornament from the father and genes for the preference for large ornaments from the mother (8, 9, 14) . Consequently, mate choice results in a genetic correlation between the ornament and preference (14, 25) . The ornament evolves as a consequence of sexual selection imposed by female mate choice, and the preference is carried along as a consequence of a correlated response to selection (14) . Almost any outcome is possible in the Fisherian model, depending on the strength of the genetic correlation between the ornament and the preference (14, 15, 25) . However, under some circumstances, this model results in a selfreinforcing, open-ended process that produces never-ending trait elaboration. Eventually, the process is opposed by natural selection when the ornament becomes so large as to be a major impediment to survival, a point that was actually well appreciated by Darwin (2) . This model has intuitive appeal because it seems like such a process can explain some of the most elaborate traits present in the animal world, such as the peacock's tail or the bowerbird's bower. It is also worth noting that some amount of a genetic correlation between ornament and preference will occur in any system in which mate choice operates, so a Fisherian process could act in concert with almost any other model of mate-choice evolution.
Model 2: The Condition-Dependent Indicator Model. The conditiondependent indicator model is the most widely used of the ''good genes'' models (3, 25, 29) . This model requires at least 3 traits (i.e., ornament, preference, and a viability trait), so it is clearly distinct from the Fisherian model (29) . In the condition-dependent indicator model, the ornament is a costly condition-dependent trait. Thus, males closer to the optimum with respect to the viability trait will be in better condition and will be able to maintain a more elaborate version of the ornament (12, 30) . Female choice evolves because females choosing males with more elaborate ornaments produce offspring with higher viability or that will be in good condition as adults. Of the indirect benefits models, the conditiondependent indicator model works most easily from a theoretical standpoint and enjoys the most empirical support (3) . Because the ornament is condition dependent, it is always a reliable indicator of genetic quality, and for female preferences to evolve or be maintained, the condition-dependent indicator model does not require any variation in the genes determining the ornament (although the ornament may appear genetically variable due to genetic variation in condition). Of course, for the male trait to evolve it must be genetically variable. This model also requires genetic variation for fitness for the males in the population, so a complete understanding must address the mechanisms maintaining genetic variation for viability or vigor, an issue that has yet to be satisfactorily resolved (19, 24) .
Model 3: The Condition-Independent Indicator Model. Even though this model still involves 3 traits-ornament, preference, and viability-it differs from the condition-dependent indicator model in that the ability of a male to produce an elaborate ornament is no longer dependent on his condition (or nearness to the optimum for the viability trait). For the model to work, all 3 traits must exhibit genetic variation, and they may or may not have environmental variation. This model functions as a consequence of a genetic correlation between the ornament and the viability trait. Clearly, such a genetic correlation will allow a female to produce higherfitness offspring by choosing males with better ornaments, and hence female choice will evolve (3, 29, 31) . However, this model, if it works at all, requires more restrictive conditions than the condition-dependent indicator model. The major remaining challenges for this model are to explain what could maintain a genetic correlation between male viability and the ornament trait and to find additional empirical examples of this process.
Other Models of Mate-Choice Evolution. In addition to the direct-and indirect-benefits models of mate choice, several other models have been proposed. For example, the sensory exploitation model suggests that males evolve sexually selected traits that take advantage of preexisting inclinations inherent to the female sensory systems (32) (33) (34) . Thus, females may exhibit a preference simply because they are predisposed to do so, and the preference may have evolved as a consequence of evolutionary mechanisms, such as natural selection or drift, unrelated to sexual selection. Not only could sensory exploitation lead to the evolution of male secondary sexual traits, but it also could play a role in jump-starting other mechanisms of mate-choice evolution, such as the Fisherian process.
Another class of models focuses on genetic compatibility by suggesting that females choose males who complement their own genome (35) (36) (37) . Finally, sexual conflict, which occurs when the sexes have incompatible optima with respect to some aspects of reproduction (e.g., mating rate), has been suggested as a mechanism for female-choice evolution (38) (39) (40) . All of these models enjoy some empirical and theoretical support, but all remain controversial. Of these 3 models, it seems that the sensory exploitation model is the most likely to explain the exaggerated traits that interested Darwin (2) . Nevertheless, all 3 of these models present extremely fertile ground for future work.
Summary and Future Directions. Although Darwin appreciated the importance of mating preferences in sexual selection, he did not cleanly identify the evolution of mate choice as a key topic in its own right. The progress in this area of research since Darwin has been nothing short of spectacular. It is now clear that the evolution of mate choice is one of the most important topics in sexual selection research, and we have several plausible models with which to work. We find that direct-benefits models and condition-dependent indicator models seem to be the most well-supported explanations for the evolution of elaborate traits via sexual selection. Nevertheless, definitive tests of these models are difficult to find, and the subject remains controversial. The Fisherian process is probably operating in some systems, but we do not know how ubiquitous it is. Maybe this process is operating in the background in all systems characterized by mate choice or maybe it comes into play episodically when conditions are especially favorable for its operation. On the other hand, depending on the evolution and maintenance of genetic correlations between traits and preferences, the possibility remains that the Fisherian process explains very little with respect to the evolution of female preferences. We will need more data before we can decide. Even more controversial are the models of conditionindependent indicators and sensory exploitation, so they should be studied in more detail. Finally, genetic compatibility and sexual conflict models almost certainly describe real phenomena (41-43), but their role in the evolution of secondary sexual traits remains to be resolved. One important success of these models is that we no longer need to invoke a human-like sense of aesthetics in animals as Darwin did (2). Rather, it is sufficient for the choosing sex to respond to a stimulus (e.g., an ornament) if the response to the stimulus increases the fitness of the chooser. Why the ornaments used by birds and other nonhuman animals usually appear so strikingly beautiful to humans is another question, but it's a mystery that does not have to be solved for us to understand sexual selection.
Despite our tremendous success so far, there remains much to be accomplished. Here, we suggest the following 5 areas in which we see a pressing need for additional research.
Costs of choice.
Every model of choice evolution is affected by assumptions regarding the costs of choosing, but insufficient empirical data exist from this challenging area of inquiry to properly parameterize the models. Perhaps we need a new concept called ''the environmental potential for mate choice'' in which costs of choice are considered in light of reproductive ecology.
The evolution of genetic correlations between ornaments and prefer-
ences. The genetic correlations between ornaments and preferences affect the strength of the Fisherian process, which could be operating in tandem with any other model for preference evolution. In addition, we know that genetic correlations can be evolutionarily unstable (25, 44, 45) , so how does the evolution of genetic correlations (and genetic variation) affect the Fisherian process and other processes of mate-choice evolution? 3. Mutual mate choice. This topic is gaining momentum, but we need to understand the circumstances under which both sexes will be choosy and how easily sexual selection can simultaneously operate on both sexes. Should we expect sexual selection on both sexes to be the norm, or will it only occur under very special circumstances? 4. The evolution of multiple sexually selected traits and preferences. The choosing sex may be integrating information from multiple traits assessed using several sensory modalities. Some theoretical work has been done regarding models of sexual selection when multiple traits and preferences are involved (46, 47), but we are far from a complete understanding.
The relative contributions of the various models of mate-choice evolu-
tion within and between taxa. In many cases, several of the models may be working in concert to produce selection on mating preferences, and it would be of interest to assess empirically and theoretically the relative contributions of the different models. Such studies, applied within taxa and in a comparative phylogenetic framework, would help us to understand the relative contributions of the various models to the evolution of preferences.
The Intensity of Sexual Selection and the Second Triumph
Why Do Lineages Differ in Sexual Dimorphism? One important question in morphological and behavioral evolution, especially from a human perspective, concerns why the sexes differ from one another more dramatically in some lineages than in others. Darwin (ref. 2, Part II, p 388) identified this topic as a key question, and he presented an example from butterflies to illustrate the issue. We are more familiar with fishes of the family Syngnathidae, which includes seahorses, sea dragons, and pipefish, so we will use examples from this family to illustrate the same problem. One interesting aspect of this group of fishes is that the entire family is characterized by male brooding of offspring, with the embryos either glued to the surface of the male or residing in an enclosed pouch. Despite the ubiquity of this ''male pregnancy'' in syngnathids, however, different species differ from one another with respect to their degrees of sexual dimorphism. For example, seahorses (genus Hippocampus) tend to be sexually monomorphic (48) , but a related pipefish, Syngnathus scovelli, is extremely sexually dimorphic with secondary sexual traits appearing only in females (49) . Several other species in Syngnathus, such as S. typhle and S. floridae, are sexually dimorphic but not nearly as much so as S. scovelli (50, 51) . There are other species of pipefish, like Doryrhamphus excisus, in which both sexes are brightly colored with flag-like caudal fins (50) , and in the sexually monomorphic leafy sea dragons, Phycodurus eques, both sexes are characterized by extremely elaborate leafy appendages (50) , resulting in one of the most beautiful and bizarre examples of fish morphology.
Why Do Some Lineages Display Striking Colorations, Sexual Dimorphism, and Pronounced Morphological Traits While Others Do Not?
Of course, there are many potential answers to this question. Some of the differences among species are almost certainly due to natural selection on the traits or differences in sex-limited inheritance, but in some cases, especially in the case of secondary sexual characteristics, the differences among lineages are due to dissimilar intensities of sexual selection. In other words, while keeping in mind that observable sexual dimorphism is not an entirely reliable guide to the strength of sexual selection, a complete explanation for morphological differences among taxa requires consideration of factors affecting sexual selection in populations of organisms. Thus, one important question, which Darwin (2) originally posed and which is still valid today, is why the intensity of sexual selection varies in different populations or evolutionary lineages.
Darwin's Perspective. Perhaps Darwin's thinking regarding factors affecting the intensity of sexual selection is most obvious when he considers sex-role-reversed taxa. In these species, sexual selection acts more strongly on females than on males, so there has been a reduction in the strength of sexual selection on males and an increase in the strength of selection on females relative to most other sexually selected taxa. ''Now if we might assume that the males in the present class have lost some of that ardour which is usual for their sex, so that they no longer search eagerly for the females; or, if we might assume that females have become much more numerous than the males-and in the case of the Indian Turnix the females are said to be 'much more commonly met with than the males'-then it is not improbable that females would have been led to court the males, instead of being courted by them.''
This quote illustrates 2 of the main causes that Darwin pointed out for variation in the intensity of sexual selection. The first, a loss of ''ardour'' by the males, is not a very satisfying explanation in the context of our modern understanding of sexual selection. However, the second explanation, a skewed sex ratio, does fit well with our current view of behavioral ecology. In addition, Darwin clearly had a good intuitive understanding of the concept of the operational sex ratio (which is the ratio of males ready to mate to receptive females in the population) and the implications of mating patterns. This understanding appears throughout the book, but is demonstrated clearly when he states that ''the practice of polygamy leads to the same results as would follow from an actual inequality in the number of the sexes'' (ref. 2, Part I, p 266). Thus, Darwin provided a glimmer of insight that has expanded over the ages into our current understanding of factors affecting sex roles and sexual selection.
The Second Major Triumph. In our view, another major triumph in sexual selection research came from advances in quantitative genetics and formal selection theory, which resulted in quantitative techniques for the measurement of selection in natural populations (52) (53) (54) . These approaches lead to the stark realization that what we are really talking about are selection coefficients on sexually selected phenotypic traits, which leads to the seemingly simple question of what determines the magnitude of a selection coefficient in a natural population.
Selection Coefficient Thinking. For the purposes of this discussion, we are going to focus mainly on premating sexual selection of the type Darwin (2) discussed. Assuming that a population is characterized by female choice or male-male combat, males with traits favorable for success in this mating competition will leave more offspring than males with unfavorable traits. Consequently, there will be a covariance between trait values and mating success (i.e., number of mates), which we would like to call a ''mating differential'' (55) . Mathematically, how do we get from a mating differential to a selection differential? Recall that a selection differential can be measured as the covariance between trait values and relative fitness (52) (53) (54) . For a positive mating differential to result in a positive selection differential, then, there must be a mechanism to convert mating success into fitness. This conversion is partially measured by a quantity known as the ''Bateman gradient'', which is the relationship between number of mates and number of offspring (55) (56) (57) (58) . If the Bateman gradient is positive, success at mating will result in an increase in number of offspring (56) . Hence, a nonzero mating differential will result in a nonzero selection differential only if the Bateman gradient is positive. The central path in Fig. 2 illustrates this important relationship.
If all offspring are equal with respect to fitness, then numerical counts of offspring are sufficient for the measurement of sexual selection. However, we know that mate choice and postcopulatory sexual selection (4) can influence offspring quality (3), so ideally each offspring would be weighted somehow by its quality in the calculation of fitness. The precise way in which such a weighting could be accomplished in the context of sexual selection is a subject for future work, and the solution will no doubt be complex (59) (60) (61) . Nevertheless, as Fig. 2 shows, mate quality and postcopulatory sexual selection (4) are 2 factors that must also be considered for a complete characterization of the intensity of sexual selection. We find the topic complicated enough without these factors, so we will not treat them further here.
If we accept this central path in Fig. 2 , then we have 2 major questions to address in precopulatory sexual selection (55) . First, what factors determine the magnitude of mating differentials? And second, how is the slope of the Bateman gradient established? In Fig. 2 , we provide one tentative hypothesis for the relationships among important mating-system variables that interact to produce a selection differential on a sexually selected trait. This figure is not meant to be the final word on the subject, as we believe there is a great need for additional work.
Factors Affecting Mating Differentials. The question here is how ecological factors can either enhance or decrease the likelihood of a correlation between sexually selected trait values and mating success. This topic has been a central one in sexual selection work for quite some time. We will give only a partial list of some of the most important factors, and these are shown in Fig. 2 . Perhaps the most obvious cause is strong mate choice, so if a mechanism of female-preference evolution is especially effective in a population, we might expect a strong covariance between an ornament and male mating success. In addition, mating differentials can be caused by a high ''environmental potential for polygamy,'' which in turn could be affected by the spatial distribution of resources or temporal synchrony of female receptivity (62, 63) . Another factor, which has been somewhat neglected, concerns mate-searching algorithms (64, 65) . Environmental constraints, such as predation, may affect how mates find one another. If mate searching is efficient, very strong mating differentials may result, whereas constrained searching may impose limitations. In addition, the operational sex ratio (62) is almost certainly important, because as more individuals are excluded from reproduction, the magnitude of the mating differential will change. Finally, there may be numerous other ecological factors, such as population density (66) and others that have yet to be appreciated, that affect mating differentials.
Factors Affecting Bateman Gradients. As noted above, a mating differential will result in a selection differential on a trait only if high mating success results in high relative fitness, and the Bateman gradient describes this conversion (55) (56) (57) (58) . To stimulate thought about Bateman gradients, we would like to propose a heuristic way of thinking about them (Fig. 3) . Regardless of sex or species, there will be some point at which an individual runs out of reproductive potential, either by running out of gametes, time, or other resources required for reproduction. When the individual reaches this upper limit of reproductive potential, access to additional mates will no longer provide any increase in reproductive success. This curve, describing the potential relationship between number of mates and number of offspring can be thought of as the ''fundamental Bateman relationship.'' In Fig. 3 , we show 2 such curves for males and females of a species like Drosophila melanogaster, in which males have much greater reproductive potential than females. After only a few mating events, a female will achieve her full reproductive output, whereas a male can go on mating for quite some time before he runs out of sperm (67) . Note that in this treatment we are ignoring factors like sexual conflict that could cause a downward trajectory as the number of mates increased beyond some optimum. Given the fundamental Bateman relationship for a sex, the Bateman gradient is the slope of this curve at the population-mean mating success (Fig. 3 C and D) . Thus, the Bateman gradient tells us whether, in the population under consideration, a sex is on the increasing part of the curve (and thus limited primarily by access to mates) or on the plateau (limited by intrinsic reproductive capacity). Given the heuristic way of thinking about Bateman gradients in Fig. 3 , we can now consider the factors that might affect the magnitude of a Bateman gradient. Anything that could lower the point at which the relationship plateaus could potentially change the Bateman gradient, for example. A factor such as parental investment (68) , through its effect on potential reproductive rates of the sexes (69), certainly could change the location of the plateau. Factors such as nuptial gifts or rates of multiple mating could in principle change the slope of the increasing part of the fundamental Bateman relationship (56, 70, 71) , resulting in a change in the slope of the Bateman gradient. Finally, factors that change the position of the population-mean mating success on the x axis of the fundamental Bateman relationship graph certainly could affect the Bateman gradient. The most obvious such factor is the operational sex ratio (62) , as a skewed sex ratio can easily change which sex is limiting for reproduction. When a sex becomes limiting, it is by definition on the plateau of the curve, so its Bateman gradient should be near zero. This view of mating systems based on the Bateman gradient remains controversial and is the subject of continuing debate (72) (73) (74) , so much work remains to be done. Nevertheless, we hope our hypothesis in Fig. 2 will stimulate additional research.
Future Directions. In some ways, our understanding of the causes of differences in sexual selection intensity among lineages is less well developed than our understanding of models of female mate-choice evolution, so there are many potential avenues for future work. We suggest the following 5 areas as the most pressing targets.
Comparative studies of mating systems among populations within
species. Such studies will be difficult, because in most cases they will require genetic studies of parentage to completely characterize mating systems (75) . However, the benefits would be worth the effort, because such studies could facilitate the identification of putative ecological factors affecting mate choice and the intensity of sexual selection on traits.
Better integration of the ideas surrounding the mating differential and
the Bateman gradient with the ecology of sexual selection. This goal could be accomplished by focusing on diagrams like our Fig. 2 and attempting to establish the locations and magnitudes of the various arrows through empirical work in natural systems. 3. Explicit consideration of age structure in sexual selection. Studies of sexual selection often focus on a single breeding season, and the results can be difficult to interpret in terms of lifetime fitness. Thus, a complete understanding of the intensity of sexual selection would seem to call for explicit consideration of age structure in the populations under study. For a complete picture, lifetime fitness should be conceptualized in terms of selection episodes so that effects of sexual selection can be separated from natural selection and stochastic effects. These areas of thought are often dealt with separately from theoretical and empirical standpoints, but the merging of these 2 areas of inquiry could result in interesting insights.
5. Integration of precopulatory and postcopulatory sexual selection. To completely understand the entire selective history of any sexually selected trait, we will need to resolve the entire set of paths depicted in Fig. 2 , including those that affect fitness after mating.
Summary and Conclusions.
Darwin presented an incredibly detailed and clear description of sexual selection in The Descent of Man. Even though Darwin's account of sexual selection was by no means complete and he had a garbled understanding of inheritance, Darwin was correct about almost every topic related to sexual selection that he discussed. For instance, he laid out essentially the modern version of intrasexual selection, and he correctly realized that female choice was an important mechanism in sexual selection. He also recognized that sexual selection could sometimes act on both sexes or more strongly on females than on males, and he demonstrated a good intuitive understanding of the effects of the operational sex ratio and mating systems on the intensity of sexual selection. However, Darwin did not clearly identify the evolution of female choice as a key topic for study in its own right. Rather, he tended to invoke a human-like sense of aesthetics in animals to explain their preferences for ornaments. He also never produced a clear picture of why some lineages seem to be experiencing stronger sexual selection than others. Regardless, The Descent of Man is an impressive scientific work, and well worth a read for anyone interested in sexual selection. Not only does it provide a clear intuitive explanation of the process, but the vast array of empirical examples could serve as the launching point for countless new studies.
Since Darwin, progress in the study of sexual selection has been astounding. Two of the greatest triumphs included the proliferation of models explaining the evolution of female preferences and quantitative approaches to the measurement of selection differentials. These advances provide clear, plausible mechanisms for the evolution of female choice and allow us to begin to address why sexual selection varies among species. A third major triumph in the study of sexual selection, which we did not have space to discuss, was the introduction of molecular markers into behavioral ecology (76) (77) (78) (79) . Molecular studies of parentage provide unprecedented opportunities to study patterns of mating in natural populations, so they have become a cornerstone of sexual selection research.
Despite the triumphs of modern sexual selection research, there are still many topics that need to be addressed. For example, some models of the evolution of mate choice enjoy only limited empirical support, and for the most part we are not sure which model explains the majority of choice evolution within or between systems. With respect to factors determining the intensity of sexual selection, there may be even more confusion. We are still in the process of building connections between reproductive ecology and selection differentials. Finally, there seems to be a lack of connections between theory related to matechoice evolution and theory related to sexual selection intensity. There are many other unanswered questions, many of which will require new theory and empirical work.
Overall, the study of sexual selection has been a rich and exciting endeavor, especially in the last several decades. We owe a lot to Darwin for establishing a framework for all modern work in this area. However, we are far from complete resolution on many topics, so the next several decades should be at least as exciting as the recent past.
